Varicella-zoster virus (VZV), human herpesvirus 3, is a member of the Alphaherpesvirinae and is the etiologic agent of two distinct clinical syndromes in humans: chicken pox (varicella), occurring during primary infection, and shingles (zoster), occurring after reactivation from latency (12). The VZV genome is a 125-kb linear double-stranded DNA molecule and is predicted to code for at least 71 proteins. The viral DNA is made up of long and short unique segments designated U L and U S , respectively, both of which are bounded by inverted and terminal repeat sequences IR s /TR s (14). The VZV genome contains two copies of an origin of DNA replication (OriS), flanked by ORF62 and ORF63 genes, within the IR s /TR s repeats bounding the U S segment (13, 14, 57, 58) . VZV has been shown to encode homologues of all seven viral gene products required for herpes simplex virus type 1 (HSV-1) DNA replication. These include the viral DNA polymerase and its associated processivity factor, a heterotrimeric helicase/primase complex, a single-strand DNA-binding protein (SSB), and a site-specific origin-binding protein (OPB) (20). However, while the two viruses have similar genomic organizations and encode similar DNA replication factors, the architecture of the VZV and HSV-1 OriS regions differs significantly (Fig. 1A) .
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The two VZV OriS contain an AT-rich palindrome and three 10-bp consensus binding sites [5Ј-C(G/A)TTCGCACT-3Ј] for the VZV OBP encoded by VZV ORF51 (57, 59) . These binding sites, designated Boxes A, B, and C, all are located upstream of the AT-rich palindrome. They are identical (Boxes A and B) or nearly identical (Box C) to the consensus binding site for the HSV-1 U L 9 OBP, with which the VZV ORF51 OBP shares 54.8% similarity and 46.5% identity (7, 30, 59) . In addition to these cis elements, there is a characteristic GA-rich sequence immediately downstream of the AT-rich region in the VZV origin which is not present in the HSV-1 origin (14, 19) .
All three OBP binding sites in the VZV origin are oriented in the same direction and are present on the same strand of the viral DNA. In contrast, in the HSV-1 OriS, binding sites for the UL9 OBP (Boxes I, II, and III) occur both upstream and downstream of the AT-rich region. Boxes I and II are located upstream and downstream on opposite strands of the DNA and are oriented in opposite directions. Box III is located upstream of Box I but is oriented in the same direction and occurs on the same DNA strand as Box II. Mutational analysis has shown that efficient HSV-1 origin-dependent DNA replication requires the presence of all three UL9 binding sites as well as the central AT-rich region (3, 15, 22, 38, 45, 58, 61) .
Origin-dependent DNA replication in VZV requires only the AT-rich region and Box A. Box C is not essential, but its presence increases replication efficiency, while Box B appears to be completely dispensable (57, 59) . A putative partial down-stream OBP site (5Ј-TGTTCGCGCG-3Ј) is present proximal to the AT-rich stretch within the VZV OriS sequence which has 70% identity with the authentic OBP sites upstream of the AT-rich stretch. It is oriented in the same direction and is on the same DNA strand as the three upstream sites. However, previous studies have shown that both recombinant full-length VZV OBP and the C-terminal half of the OBP, which contains the OBP DNA-binding domain, failed to bind to this sequence (7, 59) . Thus, the role(s) that this sequence plays in the VZV life cycle is unknown.
In this work, we have designated this site Box D and investigated its role in VZV origin-dependent DNA replication and in the expression of the OriS-flanking genes, ORF62 and ORF63. ORF62 encodes the VZV major transcriptional activator which is essential for viral growth and the expression of the VZV genome (9, 42, 48, 49, 55) . ORF63 encodes the VZV IE63 protein, influences viral and cellular transcription, and is required for the establishment of latency in the cotton rat model (2, 8, 10, 16, 25, 33, 67 ). The results demonstrate that the Box D sequence (i) acts to suppress DNA replication and (ii) aids in driving expression from the ORF62 and ORF63 promoters.
Electrophoretic mobility shift assay (EMSA) and supershift assays showed that there is a major characteristic infected cell complex, formed with Box D-containing probes, containing the VZV single-stranded DNA-binding protein (ORF29), suggesting a regulatory role in the replication of the viral genome. The VZV ORF29 protein is the homologue of HSV-1 ICP8, with which it shares 50% identity. The ORF29 protein is believed to be essential for the initiation of viral DNA replication by analogy with ICP8 (20, 30) . ORF29 transcripts and protein have been reported to be present in latently infected human dorsal root ganglion (DRG) neurons (36) , and ORF29 is involved in the establishment of latency in the cotton rat model (11) .
These results also raise the possibility that the interaction of the protein complex containing the ORF29 protein with Box D plays a role in the establishment of VZV latency based on data from existing models of VZV pathogenesis.
MATERIALS AND METHODS

Cells and viruses.
MeWo cells, a human melanoma cell line that supports the replication of VZV, were grown in Eagle's minimal essential medium supplemented with 10% fetal bovine serum as previously described (56) . VZV strain MSP was propagated in MeWo cell monolayers as described by Lynch et al. (37) and Peng et al. (47) .
Nuclear extracts. Nuclear extracts were prepared from infected and uninfected MeWo cells as previously described (37) . Briefly, pelleted cells were washed once with 30 volumes of phosphate-buffered saline (PBS). Packed cells were resuspended in one packed-cell volume of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol) at 4°C and allowed to swell on ice for 15 min. Cells then were lysed by 10 rapid passages through a 25-gauge hypodermic syringe, and the homogenate was sedimented briefly at 12,000 ϫ g. The crude nuclear pellet was resuspended in two-thirds of one packed-cell volume (determined at the time of cell harvest) of buffer C (20 mM HEPES, pH 7.9, 25% [vol/vol] glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) followed by incubation on ice with stirring for 30 min. The nuclear debris was pelleted by centrifugation for 5 min at 12,000 ϫ g, and the supernatant (nuclear extract) was dialyzed against buffer D (20 mM HEPES, pH 7. ARCHITECTURE OF VZV OriS SEQUENCE 12189
KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) for 2 h. The dialyzed extract then was quick-frozen in liquid nitrogen and stored at Ϫ70°C. Nuclear extracts from infected MeWo cells maintained in medium containing 400 g/ml phosphonoacetic acid (PAA) were prepared using the same procedure. Plasmids. The pVO2 plasmid containing a 259-bp fragment encompassing nucleotides 5502 to 5760 of the TR s /IR s sequence of the Dumas strain (13) was provided by Nigel Stow (MRC Virology Unit, Institute of Virology, University of Glasgow). This fragment contains the VZV OriS region, including OBP Boxes A and C, the AT-rich palindrome, and 125 bp of downstream sequence. The pVO2 parental plasmid, pAT153, was purchased from MoBiTec (Goettingen, Germany). The pLitmus R62/63F plasmid (26) contains the complete 1.5-kb intergenic region of DNA between the ORF62 and ORF63 genes of the pOka strain, including the VZV oriS structure inserted between genes encoding the Renilla and firefly luciferases (Promega), respectively, so that the luciferase genes act as reporters of ORF62 and ORF63 transcription. Plasmids containing Box D and Box A site-specific mutations within the OriS region were generated by mutating the wild-type pVO2 and/or pLitmus R62/63F plasmid using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) using the following primer sets: Box D mutation, 5Ј-AGAGAGAGAGAGTTTCTTGTTAAAGCG TGTTCCCGCGATGTCGCG-3Ј and 5Ј-CGCGACATCGCGGGAACACGCT TTAACAAGAAACTCTCTCTCTCT-3Ј; Box A mutation, 5Ј-GGCATGTGTC CAACCACCGTTAAAACTTTCTTTCTATATATATAT-3Ј and 5Ј-ATATAT ATATAGAAAGAAAGTTTTAACGGTGGTTGGACACATGCC-3Ј.
All primers were synthesized by IDT (Coralville, IA). The positions and sequences of the mutations in the VZV OriS sequence contained within the pVO2 and pLitmus R62/63F plasmids used in transfections were verified by sequencing at the Roswell Park sequencing facility.
DpnI replication assays. MeWo cells were transfected with Lipofectamine reagent (Invitrogen, Carlsbad, CA) by following the manufacturer's instructions. Four microliters of Lipofectamine reagent were used per microgram of transfected DNA in each transfection. In transfections performed in 100-mm-diameter petri dishes, 2.1 ϫ 10 6 MeWo cells per dish were seeded in 12 ml of complete growth medium. The cells were 80% confluent at the time of transfection. Three hours before transfection, the medium was replaced with fresh medium. Origin-dependent replication experiments were performed as described by Stow and McMonagle (58) , Stow and Davison (57) , and Khalil et al. (28) . The cells were transfected with 5 g of wild-type or mutant pVO2 or pLitmus R62/63F plasmid. At 6 h posttransfection, cells were superinfected with VZV strain MSP. VZV superinfections were performed by adding 0.4 infected cells per 1 uninfected cell to each monolayer. Total cellular DNA was prepared 48 h after superinfection by the addition of 5 ml of lysis buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5% SDS, 20 g/ml RNase I) per dish. Lysates were transferred to 15-ml conical test tubes and incubated for 1 h at 37°C. Proteinase K in TE buffer (10 mM Tris HCl and 1 mM EDTA) was added to a final concentration of 100 g per ml, and the NaCl concentration was adjusted to 0.15 M. The mixture then was incubated at 50°C for 3 h.
The DNA was isolated by phenol-chloroform extraction followed by ethanol precipitation. The DNA was digested with DpnI and EcoRI as described by Stow and Davison (57) and analyzed by Southern blot hybridization. Transfers were done using TurboBlotter kits obtained from Whatman, Inc. (Sanford, ME). The blots for the experiments done with the pVO2 plasmids were probed with a 400-bp PCR product derived from pVO2 using the primers 5Ј-GTGCTCCTGT CGTTGAGGACCCGG-3Ј and 5Ј-CCTCTGACTTGAGCGTCGATTTTT-3Ј and end labeled with [␣-32 P]ATP using T4 kinase (Invitrogen, Carlsbad, CA). The pVO2 fragment includes a portion (nucleotide positions 1465 to 1864) of the pVO2 plasmid containing the Col E1 origin of replication and was designed to detect both intact DpnI-resistant linearized pVO2 (3.9 kb) resulting from the replication of the input plasmid and an 872-bp fragment resulting from the DpnI-sensitive unreplicated input plasmid. The blots for the experiments done with the pLitmus R62/63F plasmids were probed with a 476-bp PCR product prepared from pLitmus R62/63F using the primers 5Ј-TAGGCCACCACTTCA AGAACTCTGT-3Ј and 5Ј-AGCAAAAGGCCAGCAAAAGGCCAGG-3Ј and end labeled with [␣-32 P]ATP using T4 kinase (Invitrogen, Carlsbad, CA). The pLitmus R62/63F fragment includes a portion (nucleotide positions 1832 to 2307) of the pLitmus R62/63F plasmid containing the pUC19 origin of replication and was designed to detect both intact DpnI-resistant linearized pLitmus R62/63F (6.9 kb) resulting from replication of the input plasmid and a 651-bp fragment resulting from the DpnI-sensitive unreplicated input plasmid.
The resulting bands were quantified by PhosphorImager (Molecular Dynamics, Sunnyvale, CA) analysis. The ratio of replicated plasmid to input plasmid represents the replication efficiency of the test plasmid. The data from representative experiments are presented as the means from triplicate DpnI replication assays. Error bars indicate standard errors. Statistical significance was determined by one-way analysis of variance followed by Tukey's post hoc test.
Transfection, superinfection, and reporter gene assays. Transfection/superinfection experiments followed by luciferase reporter gene assays were performed as previously described (64) . Transfections were performed using 12-well plates. Briefly, 2 ϫ 10 5 cells were seeded in each well 24 h before transfection. The pCMV-SPORT-␤Gal vector (Gibco, Carlsbad, CA) was used as an internal control reporter for transfections. One microgram of each reporter vector (pLitmus R62/63F) and 0.4 g of ␤-galactosidase (␤-Gal)-expressing plasmid was transfected in each assay with Lipofectamine reagent (Invitrogen, Carlsbad, CA) by following the manufacturer's instructions to act as a control for transfection efficiency. The cells were superinfected 24 h posttransfection with VZV strain MSP. VZV superinfections were performed by adding 0.4 infected cells per 1 uninfected cell to each monolayer.
The cells were collected 48 h after superinfection and lysed in 250 l of the lysis buffer (50 mM HEPES, pH 7.4, 250 mM NaCl, 1% NP-40, 1 mM EDTA). Control experiments without infection were done for each plasmid to determine basal expression levels. Dual-luciferase assays were performed using the dualluciferase reporter assay system (Promega) with 20 l of cell extract, 50 l of luciferase assay reagent II, and 50 l of Stop & Glo reagent in each assay. The ␤-Gal assays were performed using the ␤-Gal assay kit (Invitrogen, Carlsbad, CA) by following the microtiter plate protocol recommended by the manufacturer. Dual-luciferase activities were normalized to the beta-galactosidase activities. Transfection experiments were repeated at least three times, and each set of transfection conditions in a given experiment was performed in triplicate. The data from representative experiments are presented as the means from triplicate gene reporter assays. Error bars indicate standard errors. Statistical significance was determined by one-way analysis of variance followed by Tukey's post hoc test.
EMSA, supershift, and competition analyses. Fifty-one-base-pair oligonucleotide probes containing wild-type and mutant Box D elements (IDT, Coralville, IA) were used in EMSAs. Probes were end labeled with [␣-32 P]ATP using T4 kinase (Invitrogen, Carlsbad, CA). One hundred femtomoles of the labeled probes containing wild-type and mutant Box D (ϳ1 ϫ 10 5 dpm) were incubated with 15 g of uninfected or infected MeWo cell nuclear extract or PAA-treated infected cell nuclear extract in a 10-l reaction mixture in binding buffer [40 mM HEPES, pH 7.9, 100 mM NaCl, 10 mM MgCl 2 , 200 g/ml bovine serum albumin (BSA), 12% glycerol, 0.05% NP-40, 1 mM dithiothreitol, and 3 g poly(dI-dC)]. In competition assays using the labeled Box D probe, the ratio of cold probe used to labeled probe was 200:1. The samples were analyzed by electrophoresis on a 5% polyacrylamide (37.5:1 acrylamide/bisacrylamide) gel followed by autoradiography. All competitions were performed in triplicate, and the relative amounts of specific complexes were quantified by PhosphorImager analysis.
Antibodies and antisera used in the supershift assays included anti-ORF29 rabbit polyclonal antisera directed against the C terminus of the ORF29 protein (30) and antisera directed against the full-length IE62 protein (56) . Rabbit polyclonal anti-ORF51 antibodies prepared against the peptides of the first 9 amino acids corresponding to the N-terminal sequence and 20-amino-acid peptides corresponding to the C-terminal sequence of the ORF51 protein, as well as anti-IE62 antisera prepared against the DNA-binding domain (DBD) of IE62, were prepared by Bethyl Laboratories Inc. (Montgomery TX). Rabbit polyclonal antibodies against E2F1, E2F2, E2F3, E2F4, and E2F5 and were purchased from both Santa Cruz Biologicals (Santa Cruz, CA) and Abcam (Cambridge, MA). Antibody against the cellular transcription factor Zfp64 was purchased from Abcam (Cambridge, MA). Antisera were added in 2.5-l aliquots to 10-l reaction mixtures containing infected cell nuclear extracts and the 51-bp probe containing the wild-type Box D sequence. For purified antibodies, either 2.5 g (Abcam) or 5 g (Santa Cruz) antibody was added to the reaction mixtures. The samples then were analyzed by electrophoresis on a 5% polyacrylamide (37.5:1 acrylamide/bisacrylamide) gel followed by autoradiography.
RESULTS
Mutation of the Box D site results in an increase in origindependent DNA replication in the absence and presence of flanking gene transcription. Previous work (28, 59) showed that the deletion or mutation of the upstream Box A binding site for the VZV OBP inhibits VZV origin-dependent DNA replication in DpnI resistance replication assays. Here, we investigated the role of the partial downstream OBP site, which we have designated Box D, in that process. We also assessed the effect of the presence of transcribable flanking genes on Box D function, since Summers and Leib (60) and NguyenHuynh and Schaffer (43) showed that flanking gene expression had no effect on HSV origin-dependent DNA replication. The first set of experiments employed the pVO2 plasmid, which contains a 259-bp portion of the intergenic region between the ORF62 and ORF63 genes (Fig. 1B) . The pVO2 OriS insert includes the upstream Box A and Box C sites, the AT-rich palindrome, and 125 bp downstream of the AT-rich sequence, including Box D. The plasmid lacks the TATA boxes and the proposed promoter elements of the OriS-flanking genes ORF62 and ORF63 and their coding sequences (31, 32, 41) . The assays were performed as previously described via the initial transfection of MeWo cells with the origin-containing plasmid followed by VZV superinfection (28) .
DpnI replication assays using pVO2 containing the wild-type VZV OriS showed a readily detectable signal at the position predicted for the replicated DNA (Fig. 2) . In contrast, assays performed under the same conditions using the parental pAT153 plasmid lacking the VZV OriS resulted in no signal at the position of the replicated DNA. As a second negative control, experiments with pVO2 containing a 3-base replacement of the core CGC sequence with AAA in the Box A OBP binding site were performed. The CGC triplet was shown by Chen and Olivo (7) to be essential for interaction with the VZV OBP. As previously reported (28) , this also resulted in a loss of the replicated DNA band correlating with the results of Stow et al. (59), who showed via deletion that Box A is required for OriS-dependent DNA replication.
In the next series of experiments, triplicate DpnI assays were performed using wild-type pVO2 and pVO2 plasmids containing the core CGC-to-AAA mutation within the Box D sequence. As shown in Fig. 2C and D, the mutation of Box D increased the level of origin-dependent replication approximately 3-fold, and this difference was statistically significant (P ϭ 0.014). The influence of the Box D sequence on origindependent DNA replication then was examined in the presence of flanking gene expression. We used the pLitmus R62/ 63F plasmid containing the entire intergenic region between the ORF62 and ORF63 genes, which includes the VZV OriS and the promoters of the two genes (26) . The positions of ORF62 and ORF63 coding sequences were replaced by the Renilla (R) and firefly (F) luciferase genes, respectively. As shown in Fig. 3A , the mutation of the triplet CGC to AAA within Box A in the context of the pLitmus reporter plasmid resulted in the loss of DNA replication. This result shows, for the first time, that Box A is required for VZV origin-dependent DNA replication in the presence as well as the absence of flanking gene expression, and that the presence of Boxes B and C does not compensate for its functional absence.
The CGC-to-AAA mutation within Box D in the pLitmus R62/63F plasmid, in contrast, resulted in an increase in the level of origin-dependent replication to an extent equivalent to that observed with the pVO2 plasmid ( Fig. 3A and B) . The increase seen in the DNA replication efficiency with the Box D mutation using both the pVO2 and pLitmus R62/63F plasmids indicates the involvement of Box D in the negative regulation of VZV origin-dependent DNA replication. The expression of reporter genes was confirmed by luciferase assays and showed that both reporters were expressed to very high levels (1,600 and 1,800-fold increases for ORF62 and ORF63 reporters, respectively) in the presence of VZV superinfection compared to basal levels in the absence of superinfection (data not shown).
The Box D sequence is involved in expression of the ORF62 and ORF63 genes. Experiments next were performed to determine if Box D and origin-dependent DNA replication influence the expression of the flanking ORF62 and ORF63 genes. We studied the effects of the Box D mutation in the context of superinfection following the transfection of pLitmus R62/63F reporter plasmid in the presence and absence of phosphonoacetic acid (PAA). DpnI replication assays using the wild-type plasmid confirmed that PAA at concentrations of 200 and 400 g/ml completely inhibited DNA replication under our experimental conditions (Fig. 4A) . Luciferase reporter assays examining the effect of the Box D mutation on the transcription of the OriS-flanking genes with VZV superinfection using pLitmus R62/63F wild-type and mutant plasmids were performed in the absence and presence of 400 g/ml of PAA. The results are shown in Fig. 4B and C. The activities of the pro- The mutation of Box D decreased the expression of the ORF62 and ORF63 luciferase reporters (8-and 3-fold, respectively) compared to the wild-type levels in the absence of PAA. In the presence of PAA, the activity of the ORF62 reporter was reduced 8-fold in the case of the wild-type sequence. The Box D mutation reduced the activity an additional 50% under these conditions. Wild-type levels of the ORF63 reporter were reduced 5-to 6-fold in the presence of PAA, and as was the case with the ORF62 reporter, the presence of the Box D mutation further reduced the ORF63 reporter activity by 30 to 40%. These data indicate that Box D influences the expression of both the ORF62 and ORF63 genes during viral replication and confirm that origin-dependent DNA replication is important for high levels of flanking gene transcription. The 150-to 300-fold levels of activation of the ORF62 and ORF63 reporters above basal levels observed with superinfection in the absence of DNA replication presumably are due to the presence of VZV immediate-early and, possibly, early proteins which are expressed prior to VZV DNA replication (52) . The results also show that there is a small, but statistically significant, loss of expression of both reporter genes upon the mutation of Box D in the absence of DNA replication.
A specific and infected cell complex is formed with the VZV Box D sequence. Based on the results described above, experiments were performed to determine if specific infected cell proteins or protein complexes could interact with Box D. In the first series of experiments, EMSAs were performed using a 51-bp duplex oligonucleotide probe containing the 10-bp Box D site and upstream and downstream flanking sequences ( Fig.  5A and Table 1 ). Shift patterns were obtained using uninfected and VZV-infected MeWo cell nuclear extracts. There was a significant difference in the pattern of complexes obtained with the two extracts. Five complexes (a through e) were consistently observed with uninfected nuclear extracts (Fig. 5B) . The majority of the signals for these complexes were relatively weak, suggesting that the cellular factors involved were present in low abundance or have weak affinity for the Box D-containing oligonucleotide. In contrast, one major complex was formed in the presence of VZV-infected nuclear extracts, while the signal from the uninfected complexes was significantly diminished. Time-course analysis of VZV-infected cell extracts showed that the infected cell complex was observed at low levels in the extracts at 12 h postinfection. It was the major complex formed 24 h postinfection and beyond with the concomitant loss of the uninfected cell complexes (Fig. 5C ). The complex also was formed using cell extracts infected for 48 h that were derived from cells treated with PAA. However, the amount of complex observed was lower than that seen with untreated extracts, and several uninfected cell complexes also were observed (Fig. 5D) . Thus, while DNA replication was not required for the formation of the infected cell Box D complex, it is necessary for the higher levels observed with infected cell extracts not treated with PAA.
Sequence requirements for infected cell complex formation. EMSA experiments were performed using the wild-type and mutant Box D 51-bp oligonucleotide probes (Table 1) to determine the effect of the CGC-to-AAA mutation on the formation of the infected cell complex. As shown in Fig. 6 , the levels of the infected cell complex observed with the mutant probe were significantly lower than those observed with the wild-type probe. The quantification of the results from three independent experiments indicated that levels were reduced to approximately 25% of those observed with the wild-type sequence (Table 2) . Thus, the formation of the infected cell complex with the wild-type and mutant probes correlated with the effects seen on origin-dependent DNA replication and flanking gene expression. However, the residual levels of complex formed with the mutant probe suggested that sequences flanking Box D also are important.
Competition EMSAs were performed to test the flanking Fig. 6B . These experiments were performed in triplicate, and the relative amount of the infected cell complex in the presence of the various competing oligonucleotides was quantified relative to the amount of complex formed in the absence of competitor. The results are presented in Table 2 and show that under the experimental conditions used, the presence of the cold Box D wild-type probe reduced the level of the infected cell complex to 13% of that observed in the absence of competitor. The 36-bp Box D probe lacking the 5Ј GA-rich stretch reduced complex formation to levels similar to those seen with the full-length wild-type competitor, indicating that the GA-rich sequence plays no role in the formation of the infected cell complex. Also, the use of the 51-bp competitor probe containing the Box D-to-Box A substitution with the Box D flanking sequence reduced levels to 36%. The wild-type Box A probe and the probe containing the YY1 site both showed essentially no ability to compete. complex in addition to the core CGC motif. Since the competition assay done with the 36-bp short Box D probe showed that the upstream flanking sequence (GA-rich region) has no role in the formation of this complex, the CGC motifs in the downstream flanking sequence may influence complex formation.
To test this hypothesis, a 51-bp probe with the first downstream CGC motif mutated to AAA was used in EMSAs. As shown in Fig. 6C , the mutation of the first downstream CGC motif resulted in a loss of complex formation similar to that observed upon the mutation of the core CGC motif within Box D. In contrast, when a probe lacking the second downstream CGC motif was used in competition assays, no loss of complex formation was observed (data not shown).
The VZV ORF29 protein is present in the infected cell Box D complex. The kinetics of the appearance of the infected cell complex indicated that the protein or proteins present therein were VZV-encoded proteins, cellular proteins that interact with viral proteins, cellular proteins modified by infection, or a mixture of these possibilities. The examination of the sequence of Box D and the flanking regions relevant to the formation of the infected cell complex revealed that the Box D sequence showed 70% homology to the consensus binding site for the E2F family of cellular transcription factors (Fig. 7A) . However, in EMSAs using antibodies against E2F1, E2F2, E2F3, E2F4, and E2F5 obtained from two different commercial sources, we were unable to demonstrate either the supershifting or disruption of the major complex observed with infected cell extracts (data not shown). We also were unable to show competition with a 25-bp probe containing the E2F consensus binding site (63) . Thus, despite the fact that immunoblot analysis confirmed the presence of each of these E2F family members in infected cell extracts (data not shown), we have no evidence indicating that they are present in the major infected cell complex. Since CGC motifs within Box D and its downstream flanking sequence both were important for complex formation, antibodies against the cellular transcription factor Zfp64 also were used in EMSAs. This protein is a member of the Kruppelassociated box (KRAB) family and is a zinc finger protein with a consensus binding motif of CGCG (46) . As with the E2F transcription factor family, no supershifts or disruption of complexes was observed (data not shown).
A second series of EMSA experiments was performed using a panel of antibodies specific for VZV gene products synthesized during the immediate-early and early phases of VZV replication (52) . These included antibodies raised during the course of this work against 9-amino-acid peptides corresponding to the N terminus (amino acids 1 to 9) and 20-amino-acid peptides corresponding to the C terminus (amino acids 728 to 747) of the VZV ORF51 OBP, polyclonal antisera against full-length IE62 and the IE62 DBD (62), polyclonal antisera raised against a peptide corresponding to the C terminus of the VZV ORF29 single-stranded binding protein (30) , polyclonal antisera raised against full-length IE63 (67), and antisera against the C terminus of the HSV-1 UL9 OBP (5, 6) . No supershifts or disruption of complexes were observed with the anti-UL9 and anti-IE63 antisera (data not shown). Similarly, no shifts or disruption of either the major infected cell complex or several faster migrating complexes was observed with the anti-ORF51 and anti-IE62 antibodies (Fig. 7B) . In contrast, the major complex was shifted by the anti-ORF29 antisera. This effect was independent of the order of the addition of the antisera to the other components of the reaction mixture ( Fig.  7B and C) . These results concerning the presence of the ORF29 protein within the major complex are consistent with the formation of the major complex in the presence of PAA (Fig. 5D) , since the ORF29 protein would be synthesized prior to the onset of DNA replication (52, 53) . Based on this, gel shifts were performed with protein extracts derived from PAAtreated infected cells, and as predicted, the anti-ORF29 antisera supershifted the complex formed with these extracts, which migrated in the position of the major complex formed with non-PAA-treated extracts (Fig. 7D ).
DISCUSSION
The function or functions of the partial OBP binding site downstream of the AT-rich stretch within the VZV OriS remained unknown prior to the work presented here. Since the VZV OBP did not bind to this sequence (7, 59 ), which we have designated Box D, it was not clear if the sequence was involved in origin-dependent replication. The plasmids used in the original identification of the minimal VZV OriS, however, contained Box D (Fig. 1) . We therefore wished to determine if this sequence was involved in origin-dependent replication and/or in the expression of the ORF62 and ORF63 genes which flank the VZV OriS. The data obtained from DpnI replication assays using plasmids containing VZV OriS sequences showed that Box D acted as a negative regulator of origin-dependent replication in both the absence and presence of transcribable flanking genes. The levels of increase of replication also were very similar in both cases. Thus, the mechanism of DNA replication inhibition appears to be independent of transcription. A second interesting finding from these experiments is that based on comparing the ratios of replicated to unreplicated plasmids shown in Fig. 2D and 3B , the presence of transcribable flanking genes appeared to slightly decrease the level of replication efficiency observed. This is true for both the wildtype and Box D mutant reporter plasmids.
This finding could be attributed to several factors. For example, the OriS structure within the pVO2 plasmid, which lacks the flanking gene promoter elements, is from the Dumas strain, while the pLitmus plasmid contains the pOka OriS. In addition, there are structural differences between the two origins in terms of the TA and GA repeats, which also could affect the replication efficiency of the two plasmids (18, 50, 57) . The TA repeat ranges from (TA) 16 in Dumas strain to (TA) 12 in pOka and (TA) 9 in vOka. Stow and Davison (57) showed that the deletion of (TA) 6 in the Dumas strain resulted in a 55% decrease in replication efficiency. The presence of shorter TA repeats in vOka and pOka could explain attenuation compared to the Dumas strain in Stow's experiment, although the difference in the length of the GA repeats is another variable factor. The Dumas strain has (GA) 6 , whereas Oka strains have longer GA repeats, (GA) 10 in pOka and (GA) 9 in vOka. The function of the GA repeat in origin-dependent DNA replication still is unknown, but the presence of longer GA repeats in vOka and pOka may compensate for the presence of short TA repeats compared to that of the Dumas strain. However, the DNA sequences of both Box A and Box D sites and their proximal flanking regions are identical in Dumas, pOka, and vOka (18) . In addition, in the four clades used by Peters et al. (50) , the nucleotide differences at or near the minimal origin are not present in the Box A or Box D sequence. Finally, these data suggest that the presence of active gene transcription has a negative effect on DNA replication efficiency.
We expected to have lower gene expression of both ORF62 and ORF63 reporters, by about 25 to 30% in the presence of PAA, because of less available total plasmid in its presence compared to that in its absence. However, the presence of PAA caused 8-and 5-fold reductions in reporter gene expression with the wild-type plasmid for the Renilla (ORF62) and firefly (ORF63) activities compared to expression in the absence of PAA. Thus, the decrease in reporter gene expression is not a simple linear correlation with the decrease in the amount of replication of the reporter plasmid. These results suggest that in the model system used here, origin-dependent DNA replication and flanking gene transcription are coupled. These data also reinforce and add additional validation to the findings of Jones et al. (26) . In that study, the ORF62/63 intergenic region pLitmus reporter cassette, including the OriS sequences, was inserted into a nonnative site in the VZV genome. Thus, it was not clear if replication was initiated at the OriS within the pLitmus cassette and if the apparent influence of OriS or elements proximal to OriS was influenced by replication. However, it was shown that the presence of elements within or near the minimal VZV origin sequences had a significant effect on flanking gene expression. Here, we have clear proof of replication or the lack thereof and the fact that OriSdependent DNA replication influences flanking gene expression. These findings are in contrast to those with HSV-1, where the presence of the DNA replication origins had no influence on flanking gene expression (43, 60) .
The question of whether Box D is a cis element influencing transcription in a DNA replication-independent manner was addressed by the examination of the effects of the mutation of the CGC core motif on flanking gene expression in the presence and absence of PAA concentrations which inhibit DNA replication. This strategy was chosen to allow the expression of immediate-early and early gene products without the disruption of potential cis-acting transcription regulatory elements, which might occur in the case of the deletion or site-specific mutagenesis of OriS sequences essential for replication. The mutation of the core CGC motif had a major effect on the expression of the flanking reporter genes in the pLitmus plasmid ( Fig. 4B and C) . Some of the change likely is attributable to the increase in DNA replication efficiency observed in the DpnI replication assays, which would reduce the ability of the cellular transcription apparatus and VZV transcription proteins to gain access or remain bound to the DNA. This finding suggests that the Box D site is acting as a second coupling point between VZV origin-dependent replication and flanking gene expression. Also, Box D mutation resulted in small but reproducible and statistically significant decreases in the expression of both reporter genes in the presence of PAA compared to results of the experiment done with the wild-type reporters under the same conditions. Thus, Box D may play a role in flanking gene expression which is distinct from its role in DNA replication during the immediate-early and early phases of VZV gene expression. However, the major role of Box D appears to be the downregulation of origin-dependent DNA replication efficiency. Four possibilities existed for proteins which bind to the Box D sequence and, through that interaction, influence VZV DNA replication: (i) cellular proteins, (ii) virus-encoded proteins, (iii) cellular proteins modified by virus infection, or (iv) a combination of cellular and VZV-encoded proteins. A second consideration was that sequences flanking Box D also were important for the effects observed. Of particular interest was whether the GA-rich stretch characteristic of the VZV origin and immediately downstream of the AT-rich sequence was involved. The EMSAs indicated that a distinct infected-cell complex was formed with duplex DNA probes containing Box D. Thus, only the first possibility regarding the nature of the proteins binding to Box D was eliminated. The data from the competition assays (Fig. 6B and Table 2 ) clearly indicated that the GA-rich stretch played no role in the formation of the complex. In contrast, the data strongly suggested that the downstream 18 bp which contained two additional CGC motifs contributed equally to the formation of the infected cell complex. Since additional competition assays indicated that oligonucleotides lacking the more distal of the two sites did not compete, it appeared that the first downstream CGC motif was equally important for complex formation. This was confirmed by the mutation of this CGC motif. Thus, at least one protein which binds to sequences containing CGC appears to be involved in the formation of the infected cell complex.
Time-course analysis of the formation of the infected cell complex showed that it begins to appear at 12 h postinfection and persists and increases in amount throughout the remainder of infection. This indicates that a VZV function expressed during the immediate-early or early phases of infection either binds directly to Box D or interacts with or modifies a cellular factor, resulting in cellular factor binding. The EMSA experiments performed with extracts from PAA-treated infected cells confirmed this and indicated that DNA replication is not required for the formation of the complex.
Due to the high level of homology of Box D with Box A, the obvious candidate was the VZV ORF51 OBP. However, no interaction of the recombinant OBP fragments with Box D was seen in previous work (7, 59) . Work from the Schaffer laboratory found that variant C-terminal cleavage products of the HSV-1 UL9 OBP produced in infected cells bind to origin sequences. These variants affect HSV-1 pathogenesis in mice and may be involved in the switch from origin-dependent to origin-independent DNA replication (34, 35) . However, supershift experiments using antibodies directed against VZV ORF51 and the C terminus of HSV-1 UL9 (with which ORF51 shares 44% homology) failed to demonstrate the interaction of ORF51 or ORF51 fragments present in VZV-infected cell extracts with the Box D-containing probe.
The VZV ORF29 single-stranded DNA-binding protein was another candidate for inclusion in the major infected cell complex. The kinetics of the expression of the ORF29 protein are reminiscent of the formation of the major complex (52, 53) . Further, while the ORF29 protein interacts with singlestranded DNA and is involved in viral DNA replication, it also has been shown to modulate and interact with the VZV ORF67 (gI) promoter in a cell type-and sequence-specific manner. The presence of the ORF29 protein in transienttransfection assays increased the IE62-dependent activation of the promoter in T cells (4, 21) . These results were validated using recombinant virus strains containing mutations in an ORF29-responsive element (29RE) within gI promoter sequences in the SCID mouse model of VZV pathogenesis (24) . Our results clearly show that the ORF29 protein is a component of the major infected cell complex formed with the Box D-containing probe. It is present within the complex at both late times during infection and in complexes formed using PAA-treated infected cells. Thus, proteins produced or modified during or following DNA replication are not required for complex formation.
The analysis of the Box D sequence for specific cellular transcription factor binding sites (Ali Baba 2 and TransFac; BIOBASE Biological Databases) showed that Box D has 70% homology with the consensus site for the E2F family of transcription factors. The identical portions of the sequence include the CGC motif and the CGC-to-AAA mutation that resulted in the loss of more than 80% of the infected-cell complex also was predicted to ablate the binding of the E2F family factors. E2F1 has been shown to be required for the productive infection of bovine herpesvirus 1 (63) . E2F family members also are modified during HSV-1 infection (1) and influence HSV-1 replication (17, 23, 44) . However, no evidence for the interaction of E2F1, E2F2, E2F3, E2F4, or E2F5 with the Box D-containing probe was found via supershift experiments or in competition assays. Computer analysis identified the cellular factor Zfp64, which is involved in cellular differentiation (54) , as a strong candidate, since the Zfp64 consensus binding site is CGCG. However, as was the case with the E2F family members, no evidence of the presence of Zfp64 in the infected-cell complex was detected.
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on November 4, 2017 by guest http://jvi.asm.org/ within the infected cell complex based on our results. Since there is no sequence homology between the Box D probe and the VZV gI 29RE, it is possible that cellular factors interacting with the ORF29 protein can influence its duplex DNA-binding activity and confer sequence specificity either in certain cell types or at various stages of the viral replication cycle. Thus far, attempts to identify other potential components of the major Box D complex by enriching for the infected cell extract Box D-binding activity using ammonium sulfate precipitation and affinity chromatography have resulted in the loss of binding, further suggesting that a complex rather than a single protein species is involved in the binding. VZV origin-dependent DNA replication currently is believed to involve a classic theta structure following the activation of the origin (Fig. 8) . The VZV ORF62 and ORF63 genes flank the OriS and are transcribed in opposite directions from the same strand of DNA (14) . Thus, collisions would occur between the DNA replication and transcription machineries. These collisions, based on the VZV genome arrangement, would be codirectional rather than head on. It has been shown in bacteria that codirectional collisions are less disruptive than head-on collisions (39, 40, 51) ; however, these collisions can result in the disruption of both replication and (primarily) transcription complexes. The VZV ORF62 and ORF63 genes, while expressed at immediate early times are, unlike their HSV-1 homologues, also expressed throughout the viral replication cycle and are incorporated into the viral particle (12, 29, 52) . Therefore, one possible function of the ORF29 protein and the other component(s) of the Box D binding complex during lytic infection could be to slow down replication fork movement, allowing more efficient and extended expression of the IE62 and IE63 proteins during the viral replication cycle (Fig. 8) . Such a model would be in agreement with the data presented here showing that the mutation of Box D results in increased DNA replication and decreased reporter gene expression. Alternatively, since the amount of Box D complex increases with time, it could sufficiently shut down or could stall replication fork movement to allow the switch from origindependent to origin-independent DNA replication.
Additional functions of the ORF29 protein (as a component of the infected Box D complex) and of the Box D sequence may be in the establishment of latent infection. This suggestion follows from the findings of Cohen et al. (11) , who found that the overexpression of the ORF29 protein impaired the establishment of latency in a rodent model. Some limited replication of VZV is believed to occur in DRG neurons prior to the establishment of latency, resulting in the presence of multiple copies of the viral genome per neuron (27) . Based on the model presented here, the overexpression of the ORF29 protein could result in a premature shutdown of origin-dependent replication and therefore insufficient copies of the genome being replicated prior to other steps in the establishment of latency. Zerboni et al. (65, 66) have shown that ORF62 and ORF63 transcription persists in human fetal neurons infected with VZV in the SCID mouse model of VZV pathogenesis. The presence of the Box D-binding complex in neurons, as described above, slows down but does not completely stop DNA replication while facilitating the expression of ORF62 and ORF63 gene products. This slowing down of DNA replication might allow chromatin association with the viral DNA, leading to the ultimate shutdown of productive viral replication.
